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The well known biospecific noncovalent receptor-ligand association complexes between the 
immunophilin FKBP and the immunosuppressive drugs FK506 and Rapamycin (RM) were 
investigated by on-line capillary electrophoresis-mass spectrometry (CE-MS) under selected 
ion monitoring (SIM) conditions and by CE-MS with tandem mass spectrometry (CE-MS/MS) 
under selected reaction monitoring (SRM) conditions. Solutions of hFKBP (33.3 p.M) were 
dissolved in 50 mM ammonium acetate at pH 7.5. Samples that contained 100 p,M of FK506 
or RM also were prepared under the same solution conditions. By using these aqueous pH 
neutral conditions, samples were analyzed by SIM CE-MS and SRM CE-MS and the target 
complexes were separated by CE with mass spectrometer detection of the individual 
complexes between FKBP and FK506 [hFKBP + FK506 + 7H] 7+ as well as FKBP and RM 
[hFKBP + RM + 7H] 7+. In an experiment where a mixture of FK506 and RM was analyzed 
in the presence of FKBP, a nine-to-one ratio of ion current abundances between the RM and 
FK506 complexes was observed as reported in the literature from other studies. These results 
suggest that CE-MS and CE-MS/MS may be yet another analytical method for studying 
noncovalent interactions of biologically important macromolecules under physiological con- 
ditions. (J Am Soc Mass Spectrom 1995, 6, 85-90) 
I 
n 1991, we reported the first use of ion spray mass 
spectrometry to obtain mass spectral data for non- 
covalent receptor-ligand association complexes of 
the immunophilin FKBP with the immunosuppressive 
drug FK506 and a related ligand, Rapamycin (RM), 
under physiological conditions [1]. Since then, we 
[2-10] and others [11-19] have shown that ion spray 
mass spectrometry and tandem mass spectrometry can 
detect noncovalent complex formation and measure 
binding affinities in biological systems. 
The immunophilin FKBP is known to function as a 
peptidyl-prolyl cytosolic rotamase whose activity is 
inhibited by binding of FK506 and Rapamycin (RM) 
[20-25] (see Figure 1 for the structures of FK506 and 
RM). The immunophilin has a higher affinity at pH 7.8 
for RM (K i = 0.2 riM) than for FK506 (K i = 1.7 riM) 
[26]. The FKBP-FK506 complex disrupts calcium- 
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dependent binding to the protein phosphatase cal- 
cineurin, whereas the FKBP-RM complex blocks a 
family of calcium-independent signaling pathways 
triggered by ribosomal kinases. 
As a bioanalytical technique [27-33], the coupling 
of capillary electrophoresis (CE) to mass spectrometry 
promises to provide an excellent method for identifi- 
cation of biomolecular interactions. When performed 
in the selected ion monitoring (SIM) mode, capillary 
electrophoresis-mass spectrometry (CE-MS) also can 
provide excellent sensitivity and specificity for detec- 
tion of trace analytes at low levels in highly aqueous 
buffered conditions [31]. With its high separation effi- 
ciency and orthogonal separation mechanism, CE-MS 
promises to be a useful analytical technique for bio- 
chemical and biomedical research. In this article we 
expand our earlier studies on the analysis of im- 
munophilin complexes by ion spray mass spectrome- 
try to include studies of the noncovalent interactions of 
FK506 and RM with human FKBP (hFKBP) by CE-MS 
and CE-MS coupled with tandem mass spectrometry 
(CE-MS/MS). 
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Figure 1. Structures for FK506 ai'Kt RM. 
Exper imenta l  
Cloned, overexpressed human FKBP [24] was purified 
in our laboratory. Samples of FK506 and RM were 
supplied by Professor J. Clardy (Department of Chem- 
istry, Cornell University) and Wyeth-Ayerst Research 
(Princeton, NJ), respectively. A solution of hFKBP (33.3 
p~M) was dissolved hFKBP in 50-raM ammonium ac- 
etate at pH 7.5. Samples that contained 100 p.M of 
FK506 or RM also were prepared under the same 
solution conditions. Samples of hFKBP were mixed 
with FK506 and RM (25 to 40 p,M) at ambient emper- 
ature with 25% methanol for continuous infusion sam- 
ple introduction as well as CE-MS binding studies. 
Conditions for Mass Spectrometry 
A Sciex TAGA 6000E atmospheric pressure ionization 
(API) triple quadrupole mass spectrometer (Sciex, 
Thornhill, Ontario) upgraded to an API-III with a scan 
range from m/z 10-2400 was used for all experiments. 
Samples were continuously introduced at 2 #L /min  at 
ambient temperature by an infusion pump (Harvard 
Apparatus, South Natick, MA) for mass spectrometry 
experiments. Full-scan mass spectra were acquired in 
the multichannel analyzer mode (sum of 16 scans) 
with a step size of 0.5 u and an acquisition time of 3 s 
per scan. The ion spray probe tip was positioned ap- 
proximately 1 cm off-axis and 1 cm away from the ion 
sampling orifice and maintained at 4.5 kV with a flow 
of liquid nitrogen blow-off nebulizing gas maintained 
at 45 lb/in. 2. Polypropylene glycol in 4:1 CH3CN/H20 
(3-raM NHaOAc) was used for tuning and mass axis 
calibration for each mass-resolving quadrupole (Q! 
and Q3)" Single mass spectrometry (full scan) and 
electropherograms were performed at declustering po- 
tentials of 30 V in the positive ion mode of detection. 
All CE-MS experiments were carried out in the SIM 
mode with the standard PE-Sciex Macintosh-based 
software. In the CE-tandem mass spectrometry (CE- 
MS/MS) experiments, argon collision gas was intro- 
duced into the collision cell (Q2) with a collision gas 
thickness of 2 x 10 ~4 atoms/cm 2.
Conditions for Capillary 
Electrophoresis-Mass Spectrometry 
A high-performance apillary electrophoretic system 
(model P/ACE 2050, Beckman Instruments, Inc., Palo 
Alto, CA) was used in this study. Separation was 
performed on an uncoated 50-~m i.d. x 110-cm fused- 
silica capillary (Polymicro Technologies, Phoenix, AZ). 
The in-house ion spray interface shown ill Figure 2 
consists of three concentric apillaries that introduce a 
sheath liquid flow and nebulizing gas. The sheath 
liquid flow was composed of 80('4 CH3CN and 209,; 
5-raM NHaOAc at pH 7.5 and was delivered at 2 
~L /min  by an infusion pump (Harvard Apparatus, 
South Natick, MA). The three concentric capillaries 
were coupled with the two tees for separate but simul- 
taneous introduction of time sheath liquid flow and the 
nitrogen nebulizing gas. This approach afforded a 
straightforward robust CE-MS interface for carrying 
out the described experiments. The experiments de- 
scribed were routinely performed by positioning the 
concentric apillaries at the tip as shown in Figure 2 
and by optimizing the flow of sheath liquid and nitro- 
gen nebulizing gas. 
The capillary electrophoretic separation was accom- 
plished by applying 30 kV at the anode while 4.5 kV 
was applied to the cathode via time ion spray interface 
high voltage supply which resulted in a potential dif- 
ference across the CE capillary of 25.5 kV. Samples 
were loaded into the anode of the capillary via a 25-s 
pressure injection. Sample loading into the CE capil- 
lary was performed (50-p.M hFKBP with 50-/~M FK506 
and 50-/xM RM, respectively} by using the standard 
pressure injection technique incorporated in the Beck- 
man P/ACE 2050 capillary electrophoresis system used 
in this work. 
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Figure 2. Ion spray CE-MS interface quipped with a sheath 
flow coupling. 
All buffer, immunophilin, and ligand solutions were 
prepared fresh daily and filtered through 0.45-/zm 
nylon-66 syringe filters (Rainin, Woburn, MA) before 
use. 
Results and Discussion 
The cis-trans peptidyl-prolyl isomerase hFKBP is 
known to bind with high specificity to FK506 [23-25] 
and RM [34, 35]. To expand earlier studies on the 
analysis of immunophilin complexes by ion spray mass 
spectrometry, we have employed CE-MS and CE- 
MS/MS to characterize specific noncovalent interac- 
tions and to assay competitive binding affinities be- 
tween the receptor protein hFKBP and its ligands FK506 
or RM. 
Detection of Noncovalent hFKBP-FK506 
Complexes by Capillary Electrophoresis-Mass 
Spectrometry and Capillary 
Electrophoresis-Tandem Mass Spectrometly 
In competitive binding studies with equimolar concen- 
trations of FKS06 and RM, the ion spray mass spec- 
trum of the hFKBP-RM complex exhibited a ninefold 
greater ion current signal than did the hFKBP-FK506 
complex. These findings were consistent with an ap- 
proximate ninefold difference in K~ values for the two 
ligands [34, 35]. To determine whether the noncovalent 
complexes could be separated by CE, on-line CE-MS 
was used under physiological-like conditions (50-mM 
NH4OAc, pH = 7.5). Figure 3 displays the SIM CE-MS 
electropherogram of hFKBP at m/ :  1689.0, detected by 
using an uncoated 50-/zm i.d.x l l0-mm fused-silica 
capillary column in 50-raM NH4OAc electrolyte at pH 
7.5. Two slightly different migration times of hFKBP at 
m/ :  1689.0 were observed, which suggested the pres- 
ence of two discrete conformations or folded states of 
hFKBP in solution. Interestingly, the two hFKBP con- 
formations could not be detected under normal infu- 
sion mass spectrometry conditions. 
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Figure 3. SIM CE-MS electropherogram of hFKBP at m/: 1689.0 
separated and detected by using an uncoated 50-#m i.d.× l l0- 
mm fused-silica capillary colt, ran in 50-mM NH.IOAc electrolyte 
at pH 7.5. 
The SIM CE-MS electropherogram for ions at m/:  
1689.0 (hFKBP at 7 ' ) and m/= 1804.5 (hFKBP + FK506 
at 7' ) is shown in Figure 4. These ions were chosen 
because they represent he base peaks of these com- 
pounds [2] and thus provide the highest sensitivity in 
these experiments. In a mixture that contained 50-p.M 
hFKBP and 100-/.tM FK506, the noncovalent 
hFKBP-FK506 complex was resolved readily from the 
uncomplexed hFKBP at pH 7.5 (Figure 4). Moreover, 
the additional electropherogram peaks labeled in Fig- 
ure 4 indicated that both conformations of hFKBP were 
capable of binding to FK506. Thus, CE-MS appears to 
provide an alternative technique to liquid chromatog- 
raphy-mass spectrometry for the study of weak, non- 
covalent interactions between a receptor and its ligand. 
The solution characteristics ommon to capillary elec- 
trophoresis described in this article appear to offer 
favorable conditions for the formation and detection 
by SIM CE-MS of these interesting noncovalent species. 
A direct method for determination of im- 
munophilin-ligand complex formation via CE-MS/MS 
also was developed. The method involved collision- 
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Figure 4. SIM CE-MS electropherogram of hFKBP at m/z 1689.0 
and hFKBP FK506 at m/= 1804.5, detected by using an uncoated 
50-/zm i.d.× ll0-cm fused-silica capillary column in 50-/zM 
NHqOAc electrolyte atpH 7.5. The inset is an expansion of the 
ion current electropherogram. 
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induced dissociation of the most abundant noncova- 
lent complex ion [hFKBP + FK506 + 7H] 7+ at m/z 
1804.5 under conditions of constant collision energy 
(420 eV) and collision gas thickness (2 x 1014 
atoms/cm2). In the resulting CE-MS/MS experiments 
carried out with selected reaction monitoring (SRM), 
the summed precursor and product ions (m/z 1804.5 
and 1689.0, respectively) afforded the electrophero- 
gram shown in Figure 5. The principal product ion 
electropherogram displayed mass-to-charge ratio val- 
ues that correspond to the expected [hFKBP + 7H] 7+ 
at m/z 1689.0. Moreover, two different conformations 
of noncovalent hFKBP-FKS06 complexes also were 
evident in this CE-MS/MS electropherogram. An addi- 
tional potential future benefit of these CE-MS/MS ex- 
periments could be the determination of the relative 
strengths of the interactions between these noncova- 
lent species. 
Detection of Noncovalent hFKBP-RM Complexes 
by Capillary Electrophoresis-Mass Spectrometry 
and Capillary Electrophoresis-Tandem 
Mass Spectrometry 
The CE-MS electropherogram (Figure 6) of a mixture 
of hFKBP (50 /.tM) and RM (100 /.aM) paralleled earlier 
mass spectrometry studies [1], which again indicated 
that RM bound more avidly to hFKBP than did FK506. 
With RM, only a single hFKBP complex was observed, 
contrary to earlier results with FK506. To confirm the 
noncovalent ature of the complex as [hFKBP + RM + 
7H] 7., the precursor ion complex at m/z 1820.0 was 
subjected to CE-MS/MS conditions (Figure 7a and b). 
The SRM CE-MS electropherogram shown in Figure 7a 
was obtained by dissociation and monitoring of the 
noncovalent hFKBP-RM complex at m/z 1820.0 to the 
dissociation product ion hFKBP at m/z 1689.0. Figure 
7b shows the SRM CE-MS ion current electrophero- 
gram for both the noncovalent hFKBP-RM complex 
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Figure 5. SRM CE-MS electropherogram of noncovalent 
hFKBP-FK506 complex at m/z 1804.5 and hFKBP at m/z 1689.0 
detected by using an uncoated 50-gm i.d. x ll0-cm fused-silica 
capillary column in 50-mM NH4OAc electrolyte (pH 7.5) at 420 
eV. 
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Figure 6. SIM CE-MS electropherogram of hFKBP at m/z 1689.0 
and hFKBP-RM at m/z 1820.0 detected by using an uncoated 
50-/1m i.d.x l l0-mm fused-silica capillary column in 50-raM 
NH4OAc electrolyte at pH 7.5. The inset is an expansion of the 
ion current electropherogram. 
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Figure 7. (a) SRM CE-MS total ion current electropherogram of 
noncovalent hFKBP-RM complex at nl/z 1820.0 and its product 
ion hFKBP at or/:  1689.0. (b) Individual SRM CE-MS extracted 
ion electropherograms of the noncovalent hFKBP-RM complex at 
m/z 1820.0 and hFKBP at m/z 1689.0 detected by using an 
uncoated 50-/.tm i.d.x ll0-cm fused-silica capillary column in 
50-mM NH4OAc electrolyte (pH 7.5) at 420 eV. 
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precursor ion at m/z  1820.0 and its product ion hFKBP 
at m/z  1689.0. 
Monitoring Competitive Binding of hFKBP with 
FK506 and RM by Using Capillary 
Electrophoresis-Mass Spectrometry 
In competition binding experiments between hFKBP 
and equimolar amounts of FK506 and RM (Figure 8a 
and b), CE-MS analyses displayed results consistent 
with previous mass spectrometry studies, which indi- 
cate that the ion current signal of the hFKBP-RM 
complex is approximately ninefold more abundant than 
the hFKBP-FK506 complex. This increase is reflected 
by the different ion current abundances observed in 
the upper and lower CE-MS electropherograms shown 
in Figure 8b for m/z  1804.5 [hFKBP + FK506 + 7HI 7+ 
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Figure 8. Competition binding (a) SIM CE-MS electrophero- 
gram of 40-/.LM FK506 and 40-/~M RM with 25-/~M hFKBP and 
(b) SIM CE-MS extract electropherogram of 40-p.M FK506 and 
40-p.M RM with 25-p,M hFKBP detected by using an uncoated 
50-/~m i.d.× 110-cm fused-silica capillary column in 50-mM 
NH4OAc electrolyte (pH 7.5). 
(2183 counts) and m/z  1820.0 [hFKBP + RM + 7H] 7+ 
(18,533 counts), respectively. 
Conclusions 
Studies from several groups [1-19] have shown that 
biologically important noncovalent complexes may be 
detected by electrospray mass spectrometry. A recent 
report [36] describes the determination of binding con- 
stants of ligands to proteins by affinity CE, which 
further substantiates the potential analytical potential 
of CE for such studies. In the current study, CE-MS 
and CE-MS/MS were used to detect such species and 
to explore the relative binding affinity and inhibitory 
effects of the noncovalent immunophil in (hFKBP) lig- 
ands (FK506 and RM) complexes with high sensitivity 
and resolution. Thus CE-MS and CE-MS/MS may find 
application in assaying certain host-guest  complexa- 
tion. These techniques provide yet another analytical 
method for the study of noncovalent interactions of 
biologically important macromolecules under physio- 
logical conditions. 
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